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Introduction

Ciprofloxacin

(1-cyclopropyl-6-fluoro-4-oxo-7-piper-
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Abstract

Different polymerization techniques as particle formation processes for ciprofloxacin-loaded poly
(butyl cyanoacrylate) nanoparticles (CfH-PBCN) were evaluated to choose the most appropriate in terms
of the resulting nanoparticles characteristics suitable for parenteral administration. The formulations
prepared by the selected technique were considered concerning size, size distribution, surface charge,
loading efficiency, drug release. The mechanism of drug immobilization was also studied. Emulsion
polymerization using 0.1 M HCI as an acidifying medium and Pluronic F68 as an emulsifier was found
to be the best technique, leading to nanoparticles with a mean diameter below 300 nm, narrow size
distribution, and a high drug payload of between 61-81 %. Analytical techniques (FTIR, GPC, XRD and 'H
NMR) are consistent with a strong covalent interaction between the drug and the polymer matrix of the
nanoparticles. It is proposed that CfH is involved in the initiation of the polymerization process resulting
in a modification of CfH molecule that could reduce its susceptibility to efflux in Gram-positive bacteria
and eukaryotic cells. The antimicrobial activity of CfH-PBCN against Bacillus subtilis 3562 and Escherichia
coli K12 is similar to that of the free drug and confirms that this activity is largely unaffected by the drug’s
association with the polymer nanoparticles.

Avariety of DDS [6-13] has been studied in order to improve
the specificity of the drug, to reach the sites where pathogens
are harboured and to enhance the drug efficiency, including

azin-1-yl-quinoline-3-carboxylic acid, Figure 1 is a second
generation fluoroquinolone antibiotic, with a broad spectrum
of activity against wild-type Gram-positive and Gram-nega-
tive organisms. Ciprofloxacin (CfH) is among the most effec-
tive antibiotics used clinically [1], and has become the drug of
choice for a variety of topical applications [2]. However, due
to its relatively short intracellular residence time, CfH is con-
sidered less effective than other fluoroquinolones, such as pe-
floxacin and ofloxacin, in some intracellular infections [3]. The
recognition of CfH by the efflux transporters needs modulation
in order to optimize its pharmacological profile. To overcome
these disadvantages two different approaches have been pro-
posed:

i. Chemical modification of the CfH molecule [4,5].

ii. Targeting the intracellular compartment using suitable
drug delivery systems (DDS) able to prolong the
intracellular residence time inside infected cells and to
enhance the drug bioavailability.

reducing bacterial biofilm formation [14]. The effectiveness of
different poly (alkyl cyanoacrylate) (PACA) nanoparticles [15-
17], as drug carriers for CfH, was investigated in an attempt to
enhance its bioavailability in infected cells and hence improve
its therapeutic efficiency. Although promising results were
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Figure 1: Molecular structure of Ciprofloxacin.
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obtained for antibacterial activity in vitro, the inclusion of CfH
into PACA nanoparticles resulted in incomplete eradication of
Salmonella persisting in organs of the mononuclear phagocyte
system [18], most probably due to some non-dividing
intracellular bacteria with less susceptibility to antibiotic
treatment [19].

In the present work, different polymerization techniques
for the preparation of ciprofloxacin loaded poly (butyl
cyanoacrylate) nanoparticles (CfH-PBCN) were analyzed to
identify the most suitable in terms of the physicochemical
properties of the resulting nanoparticles appropriate for
parenteral administration. The formulations prepared by the
selected polymerization technique were studied with respect
to particle size and distribution, loading efficiency, and
drug release. The mechanism of drug-polymer interaction
was established, and the antibacterial activity of the chosen
formulation was evaluated in vitro.

Materials and Methods
Materials

Ciprofloxacin, Pluronic F68, and citric acid as monohydrate
were purchased from Sigma-Aldrich. Normal butyl-2-
cyanoacrylate (n-BCA) was obtained from Specialty Polymers
Ltd., Bulgaria, Dextran 40 (mol. wt. 40 000 g/mol) from
Pharmachim, Bulgaria and DMSO-d, from CortecNet (France).
Other chemicals were of laboratory grade purity and used as
obtained.

Preparation of ciprofloxacin-loaded nanoparticles
The CfH-PBCN were prepared by several techniques:

Dispersion polymerization: Dispersion polymerization
was carried out in an acidified (citric acid, 0.2% w/v) aqueous
medium, containing dextran 40 (0.8 % w/v) as a colloid
stabilizer and ciprofloxacin (0.1- 0.4 mg/ml). The monomer was
added carefully to the above aqueous medium under magnetic
agitation. Polymerization was accomplished with or without
addition of 4% v/v acetone in the polymerization medium.
Polymerization started instantly and proceeded for ca. 3.5 h at
room temperature. After the polymerization process ended, the
pH of the resulting colloidal suspension was adjusted to a value
of 5.5 using 1 N NaOH.

Interfacial polymerization: Polymerization was carried
out in aqueous medium, acidified by citric acid (0.2% w/v),
containing ciprofloxacin (0.1, 0.2 and 0.4 mg/ml) and Pluronic
F68 (0.1 % w/v) as emulsifier. The monomer was dissolved in 1
ml acetone (organic phase) and added carefully to the aqueous
mixture. Polymerization started instantly and was left to
proceed as in 2.2.1.

Emulsion Polymerization: Polymerization was carried out
in an aqueous medium, acidified (pH 2.5) either by citric acid
(0.2% w/v ) or 0.1 M HCl, containing ciprofloxacin (0.2-1.0 mg/
ml) and Pluronic F68 (0.1 % w/v) as emulsifier. 200 ul (4%
v/v) of acetone were added to the polymerization medium
immediately before monomer addition. Polymerization started

instantly after addition of the monomer and was left to proceed
asin2.2.1.

Physicochemical characterization

Dynamic light scattering and electrophoretic mobility
measurements: A Zetasizer Nano ZS (Malvern Instruments
Ltd., UK) was used for particle size, size distribution and zeta
potential measurements by dynamic light scattering and laser
Doppler electrophoresis, respectively. Before analyses, the
samples were appropriately diluted with deionized water. Size
measurements were accomplished at a light scattering angle of
173° at 25 °C in a 12 mm square polystyrene cuvette (Sarstedt,
Germany). The zeta potential measurements were performed
at a light scattering angle of 17° at 25 °C, using a disposable
capillary cell (DTS 1060, Malvern).

Scanning electron microscopy analysis: The morphology
of unloaded and CfH-loaded nanoparticles was examined
using a Philips SEM 515 (The Netherlands) scanning electron
microscope, operated at 25 kV accelerating voltage. Samples
were deposited on cover glasses, dried and then coated with
a gold-palladium thin film using a 3C7620 Sputter Coater
(Quorum Technologies Ltd., UK).

Fourier transforms infrared (FTIR) spectroscopy
characterization: Unloaded and CfH-loaded nanoparticles, free
CfH, and a physical mixture of unloaded nanoparticles and CfH
were analyzed by FTIR spectroscopy. Spectra were recorded on
KBr discs using a Varian Resolutions Pro spectrometer with a
resolution of 2 cm™ in the 4000-400 cm™ spectral region.

Gel Permeation Chromatography: Molecular weight
and molecular weight distributions of loaded and unloaded
nanoparticles were determined by gel permeation
chromatography (GPC). A Waters chromatographic system
equipped with a differential refractometer M410, with a set of
Phenogel 100 A and Phenogel 10000 A columns (Phenomenex),
used simultaneously and calibrated with polystyrene standards
was used. Tetrahydrofuran (THF) was used as a mobile phase,
with a flow rate of 1.0 ml/min at 40 °C. Samples were dissolved
in THF at a concentration of 4 mg/ml, and portions of 100 ul of
the solutions were injected into the chromatographic system.
Data collection and processing were carried out using the
Clarity software (DataApex)

UV-visible spectroscopy characterization: UV-Vis
Spectroscopic measurements were performed on free and
nanoparticle associated CfH in deionized water (pH 5) on a
UV-1600 PC Spectrophotometer (VWR International Europe,
Belgium), equipped with 10-mm quartz cells.

Entrapment efficiency: Samples of CfH-loaded
nanoparticles were centrifuged at 15000 rpm for 1 h at 4 °C in
a MIKRO 220R centrifuge (Hettich ZENTRIFUGEN, Germany).
The supernatants were analyzed by UV-visible spectroscopy,
and the concentration of free drug in the supernatant was
determined by direct spectrophotometric analysis. Entrapment
efficiency (EE) was calculated using the equation: EE (%) =
(initial drug concentration - concentration in supernatant)/
initial drug concentration) x100.
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In vitro drug release study

One ml of intact CfH-loaded PBCN (CfH 0.4 mg/ml) was
introduced into a dialysis tube (MWCO 3 500 g/mol) and sealed.
This dialysis tube was put into a 50 ml Erlenmeyer flask with
25 ml of phosphate buffered saline (PBS, pH 5.5). Release
tests were performed at 37+0.5 °C under mild stirring. At
predetermined times, 1 ml aliquots of the release medium were
taken and subsequently replaced with fresh medium. Each
aliquot was assayed for CfH using UV-visible spectroscopy at
277 nm.

NMR analysis

'H NMR spectra, recorded on a Bruker Avance III 400
spectrometer at a temperature of 25 °C in dimethyl sulfoxide-d,
(DMSO-d,) solution were referenced to the solvent resonance
peak at 2.49 ppm. Proton registered diffusion-ordered NMR
(*H DOSY) experiments were acquired using a 2D sequence for
diffusion measurements, with stimulated echo and bipolar
gradient pulses (stebpgpis, Bruker library) as the experimental
conditions (amount of the solute and the solvent, temperature,
air flow, no sample rotation) were kept constant. In each
experiment, 32 spectra of 32 k data points were collected, with
values for the duration of the magnetic field pulse gradients
(8) of 4 and 2.8 ms, diffusion times (A) of 200 and 150 ms
for nanoparticles (unloaded and drug-loaded) and free CfH,
respectively. The pulse gradient (g) was incremented from 2
to 95% of the maximum gradient strength in a linear ramp.
All spectra were processed using the Bruker Topspin software
package (version 3.2). The diffusion coefficients (D) were
obtained by measuring the signal intensity at more than one
place in the spectra. At least two different measurements were
performed for the determination of each diffusion coefficient.
The water in the solvent (DMSO-d,) (resonance at 3.3 ppm,
D,..r = 1.56 x 10 m?s-, calculated standard deviation of 1.9
x 1073) was used as an internal reference for the diffusion
measurements.

X-ray powder diffraction

X-ray powder diffraction data were collected on a
PANAlytical X’Pert Pro diffractometer using Ni filtered Cu Ka
(» = 1.5418 R) in flat plate 6/6 geometry. Data were acquired
over the 20 range 3 to 70°, in steps of 0.0334°, with an effective
counting time of 200 s per step. Data were calibrated with an
external LaB, standard.

Antibacterial activity

The antibacterial activity of free CfH, unloaded and CfH
loaded nanoparticles was tested in vitro against Gram-positive
Bacillus subtilis 3562 and facultative anaerobic Gram-negative
Esherichia coli K12, using the agar disk diffusion method,
and an assay based on the reduction of viable bacterial cells
after exposure to the tested compounds. The strains obtained
from the culture collection of the Bulgarian National Bank of
Industrial Microorganisms and Cell Cultures were cultured in
Luria-Bertani (LB) medium.

Agar disk diffusion method: The overnight bacteria cultures
from tested strains were prepared in a liquid LB medium. A

single colony was used for inoculating the liquid LB medium
to maintain an initial bacterial concentration of 1 x 106 cfu/ml
for B. subtilis 3562, and 1 x 107 cfu/ml for E. coli K12. Bacterial
suspensions (100 nl) were seeded on agar plates with solid LB
medium. After 30 min, sterile paper disks (6 mm in diameter)
were soaked with 6 pl of the test compound, and placed on
the surface of the agar plate. The plates were incubated for
24 hours at 30 °C for B. subtilis 3562 and at 37 °C for E. coli
Ki2. The sizes of resulting inhibition zones were measured.
The untreated bacterial cultures were used as blank, while
those treated with polymerization medium served as negative
controls. Mean values of the inhibition zones were determined
by performing the experiments in triplicate.

Antimicrobial activity based on the number of surviving
cells on agar plates: Microbial growth-inhibiting effects of
the tested compounds were further evaluated by studying
the ability of the used strains to survive after drug exposure.
For this purpose, 100 pl of strain suspension and 50 ul of
each compound were added to flasks containing 50 ml saline
solution. The incubation was done on a rotary shaker (220 rpm)
for different time intervals at 30 °C or 37°C for B. subtilis 3562
and E. coli K12, respectively. Aliquots (100 pl) were taken after
5, 24 and 48 hours, and dropped on the agar surface. Further,
the plates were incubated for 24 hours at a temperature,
appropriate for the strains. The number of colony-forming
units (CFU) from the plates was subsequently counted. To
evaluate the antibacterial effect of the tested compounds, the
percentage of cell reduction was calculated using the equation:
Cell reduction (%) = (1- Test sample (CFU/ml)/Control (CFU/
ml)) x100 [20]. Samples of untreated bacterial cells were used
as controls. The measurements were made in duplicate.

Results and Discussion

The most frequently used method for preparation of PACA
nanoparticles is based on the in situ polymerization of monomers
in different aqueous media. Depending on the presence of either
emulsifier or colloid stabilizer, two types of polymerization
techniques, emulsion and dispersion polymerization,
respectively are adopted. Alkyl-2-cyanoacrylate monomers are
also capable of undergoing interfacial polymerization, where
polymerization occurs at the interface between the dispersed
(organic) and the continuous (aqueous) phase, leading to the
formation of nanoparticles.

The anionic mechanism of polymerization typically involves
hydroxyl ions from the aqueous medium as initiators. However,
during the polymerization process, activated monomer
molecules can interact with drug molecules, dissolved in the
polymerization medium, that possess basic functional groups,
which can act as initiators.

Different polymerization techniques for the preparation
of CfH loaded PBCN nanoparticles were evaluated and are
discussed below.

CfH-PBCN prepared by dispersion polymerization showed a
bimodal size distribution (Figure 2), with a high polydispersity
index, PDI (0.122 - 0.501) (Table 1). The increase of the
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drug equilibrium concentration leads to an increase in PDI.
The extremely high dispersity of CfH-PBCN formulations
make them inappropriate for medical applications, as better
targeting can be achieved by monodisperse systems, since only
particles of specific sizes are accumulated in the target tissues.
No clear dependence of drug entrapment and polydispersity
on the presence or absence of acetone in the polymerization
system was observed, although it is known that acetone is able
to diminish the aggregation of the obtained polymer chains by
increasing the monomer diffusion from monomer droplet to
aqueous phase [17]. Further, experiments using the dispersion
polymerization method were therefore discontinued.

Nanoparticles prepared by interfacial polymerization have
a satisfactory mean diameter, but the maximum drug loading
of 0.010 mg/mg is reached at around 0.3 mg/ml concentration
of CfH in the medium (Table 2). Furthermore, the PDI increases
above this equilibrium drug concentration. These unfavorable
findings indicate that interfacial polymerization is unsuitable
for the preparation of CfH-PBCN for parenteral administration.

The mean diameters of the synthesized unloaded and
ciprofloxacin-loaded nanoparticles prepared using emulsion

Intensity (%)

0,1 1 10 100 1000 10000
Size (d.nm)

Figure 2: Typical size distribution by intensity of CfH-PBCN, prepared by dispersion

polymerization.

Table 1: Physicochemical characteristics of CfH-PBCN, prepared by dispersion
anionic polymerization (citric acid 0.2 % w/v, dextran 40, 0.8 % w/v, with or without
4% v/v acetone).

Loading

Concentration of 5
capacity

z-average —potential +SD Entrapment

PDI

CfH (mg/ml) diameter, (hm) (mV) efficiency %
0 152.8 0.008 -9.30+5.10 - -
0.22 195.0 0.157 -9.41+4.03 58.13 0.006
0.2° 187.0 0.122  -11.30%4.83 59.90 0.006
0.32 179.8 0.366  -10.40%5.56 68.74 0.010
0.3" 215.3 0.370 11.20+4.63 56.63 0.008
0.42 187.1 0.383 -10.00+4.50 N
0.4° 254.6 0.501 -8.36+4.10 N

a-without acetone; b-with acetone;
N-not measured

Table 2: Physicochemical characteristics of CfH-PBCN, prepared by interfacial
polymerization (citric acid 0.2 % w/v and Pluronic F68 0.1 % w/v).

. z-average {—potential Entrapment Loading
Concentration of i . ;
e ) diameter,d, PDI *SD efficiency  capacity
. ¢ (nm) (mV) % (mg/mg)
-13.90 £
0 182.3 0.076 561 - -
-20.40 £
0.2 229.3 0.078 1030 65.32 0.007
0.3 247.2 0.088 -24.1049.57 69.97 0.010
E +
0.4 229.4 0.136 22?2 - 51.05 0.010

polymerization were found to be greater than 311 nm, when
citric acid was used as an acidifying agent (Table 3). The size
distribution was wide, with PDI values between 0.143-0.177.
The surfaces of both loaded and unloaded nanoparticles were
negatively charged. The measured values of z-potentials
for CfH-PBCN (-26.4 - -27.5 mV) were lower than that of
unloaded nanoparticles (-22.7 mV). Therefore, the emulsion
polymerization technique using citric acid as an acidifying
agent was considered inappropriate for the preparation of CfH-
PBCN, despite the high drug entrapment efficiency.

The physicochemical characteristics of ciprofloxacin-
loaded nanoparticles formulations prepared by emulsion
polymerization using 0.1 M HCI are presented in table 4. It can
be seen that on drug inclusion, there is a general decrease in
z-average diameters of the nanoparticles, probably as a result of
the nanoparticles becoming more compact. The nanoparticles
show a narrow size distribution with PDI values ranging from
0.003 to 0.071. The surfaces of both CfH-loaded and unloaded
PBCN are negatively charged. However, the z-potentials for all
CfH-PBCN are higher than that of PBCN, but show no direct
correlation with the equilibrium drug concentration used.

Entrapment efficacy increases with increasing equilibrium
drug concentration up to around 0.9 mg/ml ciprofloxacin
(Table 4). This is reflected in an increase in drug loading
capacity, with the maximum value of 0.041 mg/mg attained at
1.0 mg/ml ciprofloxacin.

The data obtained by different polymerization techniques
of nBCA evidence the strong dependence of main nanoparticles
characteristics on the method of nanoparticles preparation.
Uniformity of nanoparticles (z-average diameter and
polydispersity), surface charge and drug loading appear a
function of the emulsifier/colloid stabilizer and acidifying
agent used.

Due to the favorable properties of nanoparticles prepared
by emulsion polymerization (Pluronic F68 0.1%, 0.1M HCl as
an acidifying agent and 4% acetone), further analysis was
restricted to these samples.

SEM micrographs of unloaded and ciprofloxacin-loaded
PBCN (Figure 3) display a spherical shape and mean diameters
consistent with those measured by DLS. The presence of CfH
in the polymer matrix of the nanoparticles was confirmed
by comparison of unloaded and drug-loaded nanoparticles
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under UV illumination (figure insertions). Visual inspection of
photographs clearly shows the presence of drug in the dry CfH
loaded formulation (Figure 3b).

Unloaded and ciprofloxacin-loaded nanoparticles show
a narrow molecular weight distribution (GPC profiles are not
shown) with dispersity D (Mw/Mn) values of 1.03 and 1.07,
respectively. The weight average molecular weight (Mw)
of unloaded PBCN of 981 Da is consistent with the presence
of oligomeric chains (n = 7) and is typical for anionic
polymerization of alkyl-2-cyanoacrylates in water [21].

The presence of CfH in the polymerization medium resulted
in a change in the GPC profile, with the appearance of a small
fraction of about 4% with Mw of 23608 Da and a main fraction
with Mw of 10302 Da. This order of magnitude increase in Mw
of ciprofloxacin-loaded nanoparticles as compared to unloaded
nanoparticles suggests a chemical interaction of CfH with
n-BCA during the polymerization process. This most probably
occurs through the CfH molecule acting as an initiator in the
polymerization process. The nitrogen atom of the imino group
(NH) in the piperazine moiety of the CfH molecule (Figure 1) is
electron rich and could act as a nucleophilic center able to attack
the carbon-carbon double bond of n-BCA, resulting in the
drug molecule addition and formation of a zwitterionic species
(Scheme 1). The latter is able of to initiate the polymerization
via a zwitterionic mechanism while the elongation of the
polymer chains occurs according to an anionic polymerization
mechanism.

Table 3: Physicochemical characteristics of CfH-PBCN, prepared by emulsion
polymerization (using Pluronic F68 0.1% w/v, citric acid 0.2% w/v and 4% v/v
acetone).

Concentration of ?-average T - potential Loadll?g
o e (i) diameter, d, PDI +SD capacity
(nm) (mV) (mg/mg)
0 329.4 0.163 -22.70+6.24 -
0.2 311.9 0.156 -27.00+8.62 72.15 0.007
0.4 575.5 0.143 -27.50+8.65 70.01 0.014
0.6 411.0 0.177 -26.40+7.71 N N

Table 4: Physicochemical characteristics of CfH-PBCN, prepared by emulsion
polymerization (using Pluronic F68 0.1%, 0.1M HCI as an acidifying agent and 4%
v/v acetone).

ey s, o o g L
ml) (nm) : (mg/mg)
0 260.6 0.049 -22.20+11.40 - -
0.2 255.0 0.099 -15.9+ 5.27/ 61.7 0.006
0.3 238.1 0.031 -20.10+10.30 71.52 0.011
0.4 242.6 0.003 -20.60+9.93 73.53 0.015
0.5 236.8 0.047 -19.30+10.40 75.78 0.019
0.6 233.3 0.069 -18.50+11.20 76.27 0.023
0.7 236.6 0.061 -16.60 £ 9.85 77.15 0.027
0.8 226.8 0.071 -15.80 £9.37 75.06 0.032
0.9 264.9 0.030 -18.80 £9.90 81.96 0.037
1.0 229.9 0.037 -20.70+10.10 81.41 0.041

Figure 3: SEM micrographs of (a) unloaded and (b) CfH loaded PBCN (CfH 0.4

mg/ml); figure insertions represent photographs of dry samples of unloaded and
ciprofloxacin-loaded PBCN, respectively under UV illumination.

The observed increase in the Mw of CfH-loaded
nanoparticles could be a result of the coupling reaction
between different ends of two or more zwitterionic chain
ends and is in accordance with such an initiation mechanism,
leading to an effective doubling of the polymer chain length.
Although an acid, the CfH molecule shows amphoteric behavior
in aqueous solutions due to the acid-base interaction between
the piperazine basic nitrogen and the carboxylic group [22].
This acid-base interaction gives a weak basic character to the
drug and the possibility of initiating the polymerization of
cyanoacrylates via zwiterion formation. Analogous zwitterionic
initiation of n-BCA polymerization by imino moieties in
5-fluorouracil molecules has been reported previously [23,15]
assumed interaction between CfH and isobutylcyanoacrylate
during the polymerization process when preparing CfH-
loaded poly (isobutyl cyanoacrylate) nanoparticles, leading to
initiation of polymerization through a zwitterionic pathway.
The involvement of CfH in the polymerization of 2-ethylbutyl
cyanoacrylate during the formation of poly (ethylbutyl
cyanoacrylate) nanoparticles was described by Page-Clisson
et al. [17]. However, these authors proposed an anionic
mechanism of initiation of the polymerization of 2-ethylbutyl
cyanoacrylate based on the significantly smaller Mw found for
CfH-loaded nanoparticles.

It is important to note that Beyer et al. [24] suggested
that the introduction of hydrophobic substituents in position
C-7 (piperazine ring) of fluoroquinolones may reduce
their susceptibility to efflux in Gram-positive organisms.
Recently, Marquez et al. [5] demonstrated that addition of a
bulky, lipophilic side chain on the CfH molecule at the same
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Scheme 1: Zwitterionic mechanism of initiation of polymerization of n-butyl cynoacrylate via nitrogen atom of the imino group (NH) in the piperazine moiety of the CfH
molecule.

position (N-substituted) resulted in a markedly modified
pharmacological profile of the drug, due to its reduced
susceptibility to efflux in Gram-positive bacteria and
eukaryotic cells and an increased accumulation in eukaryotic
cells, without affecting either subcellular distribution or
intracellular activity. Other authors have also considered the
structural differences in fluoroquinolones, especially overall
molecular hydrophobicity and bulkiness of the C-7 substituent
as factors influencing the efficiency of efflux [25-29].

It can be argued that the covalent bond between the NH
of CfH and the hydrophobic poly (butyl cyanoacrylate) chain,
formed during the initiation process in the present study is
a similar modification of the CfH molecule and could act in
a similar way in reducing susceptibility to efflux in Gram-
positive bacteria and eukaryotic cells.

The UV-visible spectra of free CfH and CfH-PBCN are shown
in figure 4a. The inclusion of the CfH into the nanoparticles
substantially changes its absorption spectrum. Three distinct
absorption bands at 216, 277 and 315 nm are seen for free CfH.
The latter two bands are greatly reduced in intensity in CfH-
PBCN and are consistent with a chemical interaction between
the drug molecule and the polymer matrix.

The FT-IR spectra of unloaded and ciprofloxacin-loaded
PBCN are compared with that of the free drug and a physical
mixture of the CfH and unloaded nanoparticles in figure 4b. In
the spectrum of the free drug, the absorption bands at 1616.17
cm™ and 1724 cm™ are attributed to the symmetric stretching
of C=0 of pyridone and carboxylic moieties, respectively [30],
while that at 1588.42 cm™ is due to the C=C stretching mode.
The stretching vibration at 3403 cm™ is assigned to the OH
in the carboxylic group. C-N stretching is seen at 1284.88
cm. The absorption band at 1035 cm™ is assigned to the C-F
stretching vibration, while the vibration at 721 cm™ indicates
the absorption peak of secondary amine (-NH).

The FT-IR spectrum of the unloaded nanoparticles shows
characteristic bands for the poly(butyl cyanoacrylate): the CH,
asymmetric and symmetric vibration at 2959 cm™and 2878 cm-
1, respectively and asymmetric CH, at 2934 cm™, CN stretching
at 2246 cm™, C=0 stretching at 1751 cm™, asymmetric and
symmetric C-O-C stretches at 1257 and 1018 cm™, respectively,
C-CN band at 1169 cm™ and OH at 3479.31 cm™ included in the
polymer chain from water during initiation of polymerization.

The FT-IR spectrum of the physical mixture of unloaded
PBCN and free CfH shows the characteristic bands for both

5
o CfH
Q
(5]
] CfH-PBCN
2
o
(2]
o
<
T T T T T T T 1
200 225 250 275 300 325 350 375 400
Wavelength (nm)
5
8
[
(5]
=
5
5 CfH + PBCN
g
i
4000 3500 3000 2500 2000 1500 1000 500
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Figure 4: UV-visible spectra of CfH and CfH-PBCN taken in aqueous medium (a)

and FT-IR spectra of free CfH, unloaded PBCN, a physical mixture of blank PBCN
and CfH, and CfH-PBCN (CfH 0.7 mg/ml) (b).

compounds. In contrast, the characteristic bands of the CfH
molecule are greatly reduced in intensity compared to the
physical mixture in the FT-1IR spectrum of CfH-PBCN. All bands
characteristic for poly (butyl cyanoacrylate) are visible. The
characteristic band assigned to quinolones at 1627.87 cm™ is
clearly observed, confirming the presence of CfH molecules in
the polymer matrix of nanoparticles. The disappearance of the
absorption band at 721 cm~ suggests the possible involvement
of the imino group in drug-polymer interaction.

'H NMR spectra of the studied samples are shown in figure
5a, along with the assignment of CfH and PBCN resonances.
In the 'H NMR spectra of all CfH-PBCN samples, intense and
broad resonance signals of poly(butylcyanoacrylate) protons
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and very weak signals with variable intensity belonging to CfH
protons, were clearly observed (Figure 5a,c-f). The ratios of
n-BCA units to CfH, calculated from the integrated intensities
of signals in the 'H NMR spectra of drug loaded PBCN, were
found to be 33 : 0.77, 33 : 0.62, 33 : 0.42 and 33 : 0.22, for PBCN
loaded with 1.0, 0.8, 0.6 and 0.4 mg/ml CfH, respectively. The
signal for the piperazinyl imino proton was not observed in the
spectra of the loaded nanoparticles, consistent with chemical
interaction between the drug and the polymer chain via the
imino group.

We further applied 'H DOSY to evaluate the mechanism
of CfH immobilization into the polymer matrix of PBCN. The
diffusion coefficients (D) of CfH and poly (butylcyanoacrylate)
in CfH-loaded PBCN were measured and compared with the
corresponding values, obtained for free CfH and unloaded
PBCN. The D values of CfH and PBCN were determined from the
resonance signals of the aromatic protons of CfH and methyl
protons of poly (butylcyanoacrylate) in the 'H NMR spectra. To
account for changes in the samples viscosity the measured D
values were all scaled to those of the internal standard (1.56 x
1079 m?s™). The results are presented in figure 5b.

The measured diffusion coefficients for CfH in the drug
loaded PBCNs were found to be significantly smaller than
those of the free CfH and similar to the corresponding value
of the unloaded PBCN. Increasing the amount of CfH in the
drug loaded PBCN samples was found to slightly increase the
diffusion coefficient of both the CfH and PBCN. The significant
reduction of the D values of CfH in drug loaded PBCN is a strong
indication of an association process between CfH and PBCN. The
measured diffusion coefficients for the drug were considered
as weighted-average values between the free CfH molecules
and those bound to the polymer chains. The percentage of the
bound CfH was determined using the equation [31,32] : D =
f Do+ f

free™” free bound bound’

where D and f are the diffusion coefficients and molecular
fractions of the free and bound CfH molecule and f,  + f .
= 1. The fraction of CfH bound to the polymer chains of PBCN
was found to be between 0.82 and 0.85. The disappearance of
the piperazinyl imino proton of CfH in the drug loading process
and the significant changes in the CfH diffusion coefficient to
values similar to those of PBCN reveal a strong drug-polymer

interaction and formation of a chemical bond.

Figure 6 shows the X-ray powder diffraction pattern for the
CfH-PBCN sample with the highest loading compared to those
of the unloaded nanoparticles and pure CfH. The patterns of
both the drug loaded and unloaded nanoparticles show broad
features characteristic of amorphous solids. There is little
significant difference in their patterns, other than a small
increase in intensity of the broad halo centered at around 17.5°
260 in the drug loaded sample. There is no evidence in the pattern
for the CfH loaded nanoparticles for crystalline CfH, indicating
the drug molecules do not order on the crystallographic scale.
This is consistent with incorporation of drug molecules directly
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Figure 5: '"H NMR spectra (a) of: A. Blank PBCN; B.CfH; C-F. CfH (0.4 to 1.0 mg/ml)

included in PBCN during the emulsion polymerization and diffusion coeficients (b)
of free CfH, unloaded PBCN and PBCN with different CfH loadings (CfH-PBCN).
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Figure 6: X-ray powder diffraction patterns for drug-loaded (CfH-PBCN_1.0) and

unloaded nanoparticles (PBCN) compared to that of pure CfH.

into the polymer matrix through chemical bonding rather than
physical encapsulation.

In vitro drug release of CfH was studied in phosphate
buffered saline (PBS) with pH 5.5 as above this pH value CfH
became insoluble and precipitated. Indeed, as a consequence
of the zwitterionic behavior of CfH its aqueous solubility at pH
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values close to 7 (isoelectric point of the molecule) is low [33].
As figure 7 shows, the nanoparticles release only about 19.9%
of their drug content. This drug release profile is indicative of a
strong drug-polymer interaction.

A similar release profile of CfH associated to poly (ethylbutyl
cyanoacrylate) nanoparticles was described by Page-Glisson
et al. [17]. The authors reported no significant drug release in
phosphate-buffered saline, or very slow drug release of 22.3%
after 6 h of incubation in esterase enriched medium.

The antibacterial properties of ciprofloxacin-loaded and
unloaded PBCN were tested in vitro against Bacillus subtilis 3562
and Escherichia coli K12 and compared with those of free CfH.
Firstly, the agar disk diffusion method was used. Samples of the
polymerization medium and the unloaded PBCN failed to form
bacteria free zones (Figure 8). In contrast, free CfH formed a 7
mm inhibition zone for both strains, while CfH-PBCN formed 4
mm zones, confirming their antibacterial activity.

The second method revealed the number of viable cells of B.
subtilis 3562 and E. coli K12 strains after different time exposure
to the tested compounds. The pure strain cultures were defined
as untreated controls. The results for B. subtilis 3562 and for E.
coli K12 are presented in tables 5,6 respectively. Unloaded PBCN
gave no reduction in the number of viable cells of both strains.
Bacterial strains of B. subtilis 3562 and E. coli K12 exposed to free
CfH exhibited a reduction of 99.3 % and 99.7 % of the viable
cells after 48 h of exposure, respectively.

The exposure of both strains to CfH-PBCN led to comparable
values of cells reduction, ascribed to the retained activity of
CfH, which was not impaired by the inclusion process into the
polymer matrix of nanoparticles. The decreasing of CFU caused
by the free CfH and CfH-PBCN was observed even after 5 h of
cells incubation, where the cell reduction was close to 90 %
for B. subtilis 3562 (Table 5) and 81% for E. coli K12 (Table 6).
After 48 h almost all of the bacteria lost their viability, showing
that the time-dependent antimicrobial effect of CfH is largely
unaffected by its association with PBCN.

The results from the microbial study confirm retained
antibacterial activity after drug inclusion into the polymer
matrix of nanoparticles. The findings prove that the
fluoroquinolone key pharmacophore is unaffected by the
immobilization process.

Conclusion

This study analyzed the preparation techniques required
to obtain spherical CfH-PBCN suitable for parenteral
administration. On the basis of the nanoparticle characteristics,
emulsion polymerization was chosen as the most acceptable
technique for preparation of ciprofloxacin-loaded poly (butyl
cyanoacrylate) nanoparticles. CfH is proposed as an initiator
of the polymerization of n-BCA through the imino group in
piperazine moiety. The results obtained strongly suggest
covalent bonding between the CfH molecule and the polymer
chains that could reduce its susceptibility to efflux in Gram-
positive bacteria and eukaryotic cells. Thus we realize an
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Figure 7: In vitro drug release profile of CfH from CfH-PBCN in PBS (pH 5.5) at 37
+0.5°C.

Figure 8: Antibacterial activity measured by the agar disk-diffusion method against
B. subtilis 3562 (A) and E. coli K12 (B) as test microorganisms: 1-polymerization
medium; 2- PBCN (2000 pg/ml); 3- CfH-PBCN (40-2000 pa/ml); 4- CfH (40 pg/ml).

Table 5: Antibacterial activity of unloaded and ciprofloxacin-loaded nanoparticles,
compared to that of free CfH against Bacillus subtilis 3562.

Time of incubation [h]
5 24 48

Samples FU

CFU/ml Reduction
x 105 of cells [%]

Reduction CFU/ml Reduction

mix
of cells [%] x10° of cells [%]

10°
B. subtilis 3562

(untreated 6.4 - 59 - 7.8
control)
PBCN (control)
4 - X - 7.
2000 pg/ml 6 59 8
CfH-PBCN
(40/2000) pg/mi 0.63 90.1 0.58 98.9 0.15 98.0

CfH (40 pg/ml)  0.52 91.8 0.31 99.4 0.05 99.3

approach that combines the two proposed solutions for
optimization of pharmacologic profile of CfH, a chemical
modification of its molecule and targeting the intracellular
compartmentusing suitable drug delivery systems. Antibacterial
activity is largely unaffected by association of the CfH molecule
with the polymer chains building the nanoparticles, showing
similar time-dependent antimicrobial activity against both
Gram-positive and Gram-negative bacterial strains, compared

to the free drug.
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Table 6: Antibacterial activity of unloaded and ciprofloxacin-loaded nanoparticles,
compared to that of free ciprofloxacin against Escherichia coli K12.

Time of incubation [h]
5 24 48

CFU/ml Reduction of CFU/ Reduction of CFU/ml Reduction
x 105 cells[%] mlx10° cells [%] x 105 of cells [%]

Samples

E. coli K12
(untreated 3.2 - 3.2 - 7.8 -
control)

PBCN (control)

2000 pg/ml

CfH-PBCN
(40/2000) pg/  0.59 815 0.26 99.1 0.15 98.0

ml

CfH (40 pg/ml)  0.29 90.9 0.12 99.6 0.05 99.3

3.2 - 7.8 -
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